2+ -doped ZnS semiconductor quantum dots reveal remarkably intense photoluminescence with the 4 T 1 (4G) f 6 A 1 (6S) transition. In this study, following growth doping technique, Mn 2+ -doped ZnS quantum dots (ZnS:Mn 2+ QDs) with high-quality optical properties and narrow size distribution were synthesized successfully. The dopant emission has been optimized with various reaction parameters, and it has been found that the percentage of introduced dopant, reaction temperature, and time as well as the pH of a reaction mixture are key factors for controlling the intensity. Photoluminescence emission (PL) measurements of ZnS:Mn
Introduction
Light emitting semiconductor nanocrystals, otherwise known as quantum dots (QDs), have been widely investigated during the last two decades in view of their size-tunable optical properties, wide range of excitations, emission color purity, high quantum efficiency, and applications as a light emitting source in various optoelectrical devices, imaging, solar cells, environment, remediation, and therapeutics and in biological applications [1, 2] . Unfortunately, QDs, now in general use in many fields, have been so far composed of toxic compounds (Cd, Pb, Hg, Te, As, etc.) [3] . The main advantages of Mndoped ZnS dots compared to Cd-based QDs are their lower cytotoxicity, higher excited state lifetimes, and enhanced thermal and environmental stability [4] . Interestingly, control over size and shape, doping with impurities, and functionalization with organic or biological moieties have been the primary strategies for control over optical and electrical properties, especially the emission properties of the quantum dots [5] . In recent developments, high-quality doped semiconductor nanocrystals are being explored as viable alternatives to undoped nanocrystals with additional advantages such as larger Stokes shift to avoid self-absorption, enhanced thermal and environmental stabilities, and minimized toxicity [6] .
ZnS is the most studied II-VI compound with band gap energy of 3.6 eV and has sufficiently intrigued an enormous amount of researchers to devote themselves to researching in this hot field for its excellent properties [7] . The doping of ZnS semiconductor nanocrystals by the incorporation of atomic impurities is routinely used to modify their electrical and optical properties [8, 9] . A demonstrated ability to introduce transition-metal impurities into semiconductor quantum dots and, hence, to form doped nanostructures has indeed opened up a new branch in the field of nanoscience [10] [11] [12] . The luminescence of Mn 2+ -doped II-VI semiconductor quantum dots due to the 4 T 1 -(4G)f 6 A 1 (6S) transition is much higher than that of their bulk counterpart [13] . Recently, [14] [15] [16] . Moreover, Mn 2+ is an ideal dopant, as it can provide luminescent center and can also reveal hyperfine splitting in electron paramagnetic resonance spectra [17] . The Mn 2+ dopant functions as emissive traps because the trap energy levels lie between the valence and conduction bands of the host crystal [18] . The trap states thus change the optical and electronic properties of the host. It is widely believed that the excitation takes place through the host lattice and is followed by energy transfer to the impurity to yield the Mn luminescence band in Mn 2+ -doped ZnS quantum dots.
The photosensitization of a stable, large-band gap semiconductor ZnS by organic dyes is an interesting and useful phenomenon that was used to extend its absorptive range [19] . Hypocrellin A (HA) is a new type of photosensitizer (Figure 1) , isolated from the fungus Hypocrella bambuase. Recently, the chemistry, photochemistry, and photophysics of HA have been studied and reviewed [20] , but photosensitization of the doping semiconductor nanocrystals with HA by the injection of electrons from its singlet excited state in aqueous solution is little studied. In the present study, we report here large-scale synthesis of high-quality Mn 2+ -doped ZnS nanocrystals using common and inexpensive chemicals following a simple and reproducible synthetic technique; HA acting as an electron donor adsorbs directly onto the surface of Mn 2+ -doped ZnS nanocrystals and can transfer an electron from its singlet excited state into the conduction band of Mn 2+ -doped ZnS nanocrystals. A main objective of our research in this area of ZnS:Mn
Experimental

2+
quantum dots is to investigate the optimal conditions for their synthesis in the aqueous medium from readily available precursors. The dopant emission has been optimized with varying reaction parameters, and it has been found that the pH of an aqueous solution, the reaction temperature, and reaction time as well as the percentage of introduced dopant in the reaction mixture are key factors for controlling the intensity. A second objective of our program is to investigate photochemical events during the photosensitization of hypocrellin A on highly luminescent Mn 2+ -doped ZnS nanocrystals.
The ZnS:Mn 2+ QDs were synthesized by the following general procedure. 50 milliliters of an aqueous solution of Lcysteine (0.03 M) was added to 5 mL of ZnSO 4 (0.1 M) under vigorous stirring. Then a certain amount of Mn(CH 3 COO) 2 and 4H 2 O (0.2 M) was added to this solution, and a certain amount of NaOH solutions was slowly dropped to adjust to the pH value of the mixtures. Interestingly, L-cysteine can resolve to − SCH 2 CH(NH 2 )COO − complexation with Zn
and Mn 2+ easily in alkaline condition, which is apt to prepare ZnS:Mn 2+ QDs. N 2 was introduced to rule out oxygen into solution for 30 min while thoroughly stirring. Next, 5 mL of Na 2 S (0.5 M) was rapidly dropped into the mixtures through a syringe. The reaction temperature was maintained at various certain temperatures (30 ∘ C, 40 ∘ C, 50 ∘ C, 60 ∘ C, and 70 ∘ C) for a certain period of time (3 the ZnS:Mn 2+ QDs were isolated by centrifugation, washed three times with Milli-Q water and then with cold ethanol (95% v/v), dried under vacuum for 24 h, and ground in an agate mortar.
Preparation of Hypocrellin A (HA).
HA was extracted and purified according to the method described by Brockman and Spitzner [21] . Firstly, 10 g Hypocrella bambuase was wrapped by filter paper and put into Soxhlet extractor. 50 mL acetone was placed in the round bottom flask, and the reaction mixture was allowed to stir for 10 h under refluxing condition and extracted repeatedly HA until extract became light in color. In the second step, the extracting solution was moved to Rotary evaporators and condensed into a sanguineous concentrated solution by vacuum distillation. The crystallization precipitation of HA was collected under natural cooling and then was dissolved in 10% NaOH and washed with petroleum ether repeatedly. HCl was used to neutralize excess NaOH, and then the extracts were extracted with trichloromethane repeatedly. Finally, the crude extract of HA was purified and separated by silicon thin layer chromatography, petroleum ether, and ethyl acetate, and 95% alcohol was blended with 4 : 2 : 1 (v/v) and used as developing solvent. The measured UV-visible absorption spectrum shows resolvable one-photon absorption induced optical transitions from valence subbands to conduction subbands of ZnS and ZnS:Mn 2+ QDs, depicted in Figure 3 , with a wide absorption peak from 325 nm to 285 nm, showing the first excitonic transition from S 3/2 (h) to 1S(e) and the second excitonic transition from 2S 3/2 (h) to 1S(e) at 325 nm (3.9 eV) and 285 nm (4.24 eV), respectively. Compared with ZnS QDs, after doping Mn 2+ , the absorbance of ZnS:Mn 2+ QDs emerged to a small blue shift. However, except for the blue shift in the band edge, no other interesting phenomenon was observed. As expected, the amount of Mn 2+ ions that can be incorporated in smaller-size ZnS quantum dots is lower. Moreover, the subtle but consistent blue shift in the optical absorption feature of ZnS:Mn 2+ QDs reveals the formation of a smaller particle size because of the presence of the Mn-related additive. depend on the reaction parameters, so the Mn precursor concentration, the pH of an aqueous solution, the reaction temperatures, and reaction times were investigated in this literature.
Results and Discussion
UV-Visible Absorption and
Optimization of Experimental
Band-edge luminescence and Mn 2+ -related luminescence are competing processes. The absorption of a photon leads to the formation of an exciton. The Mn precursor concentration in the reaction solutions was varied from 1.0% to 5.0%. Nevertheless, an increase in the Mn 2+ concentration in the precursor solution above 5.0% caused significant deterioration in the luminescence, perhaps because of multiphase formation in the quantum dots (leading to defect states, which quench the luminescence). In this report, we mainly discuss ZnS:Mn 2+ QDs formed with amounts of Mn in the solution less than or equal to 5.0%. As shown in Figure 4 , Mn 2+ doping clearly leads to near-band-edge luminescence at 413 nm and the 4 T 1 (4G) f 6 A 1 (6S) manganese orange emission band at about 585 nm for 3.0% Mn 2+ in ZnS quantum dots. Moreover, an increase in Mn 2+ from 1.0% to 3.0% in the ZnS quantum dots causes a subtle red shift (by about 24 nm) in the wavelength of the orange luminescence and a blue shift in the near-band-edge luminescence wavelength (by about 22 nm). An increase in the doping level (from 1.0% to 3.0%) obviously leads to the increase in the intensity of the Mn easily in alkaline condition, which is apt to prepare ZnS:Mn
2+
QDs. As shown in Figure 5 , an increase in the pH of an aqueous solution (from 10.5 to 11.5) obviously leads to the increase in the fluorescence intensity of ZnS:Mn 2+ QDs, upon pH of up to 11.5, the emission intensities of the samples to be maximized, and then decreases a little with higher pH. This fact makes us infer that zinc ion exists in solution with Zn(OH) 2 and Zn(OH) 4 2− while the pH is up to 11.5, which is apt to react with − SCH 2 CH(NH 2 )COO − and form ZnS:Mn
QDs successfully. Thus, the pH of an aqueous solution at 11.5 is chosen for ZnS:Mn 2+ QDs synthesis. The reaction temperature is one of key factors to influence the size and shape of ZnS:Mn 2+ QDs and affect high quantum efficiency consequently. When the ZnS:Mn 2+ QDs were prepared using Mn(CH 3 COO) 2 ⋅4H 2 O as the source of Mn and different reaction temperatures, a significant change in fluorescence intensity was observed ( Figure 6 ). As shown in Figure 6 , while the reaction temperature at 30 ∘ C, the Mn intensity of ZnS:Mn 2+ QDs increases sharply, the emission intensities of the samples to be maximized at 50 ∘ C, and then decreases a little with higher temperature. Thus, 50 ∘ C is chosen for ZnS:Mn 2+ QDs synthesis. PL spectra were recorded at the reaction times ranging from 3 h to 5.5 h (Figure 7) . As the reaction times increased from 3 h to 4.5 h, the band-edge luminescence was red shifted from 401 to 413 nm, whereas the Mn 2+ orange luminescence exhibited a blue shift from 585 to 582 nm. For all other concentrations, a similar effect was observed. An increase in the reaction times (from 3 h to 4.5 h) obviously leads to the increase in the fluorescence intensity of ZnS:Mn 2+ QDs, the emission intensities of the samples to be maximized at 4.5 h, and then the emission intensities decreases sharply in higher reaction times (at 5 h and 5.5 h). Thus, 4.5 h is chosen for the optimal reaction time of ZnS:Mn 2+ QDs synthesis. In conclusion, the optimal reaction conditions of ZnS: Mn 2+ QDs were obtained as follows: the doping level of Mn 2+ is 3.0%, the pH of solution is 11.5, the reaction temperature is 50 ∘ C, and reaction time is 4.5 h. ZnS:Mn 2+ QDs were prepared under such optimal reaction conditions having high quality of photophysical properties and narrow size distribution.
Absorption Characteristics of the HA-ZnS:Mn
2+ QDs System. It has been shown that HA is not only an effective phototherapeutic agent but also a good photosensitizer [22] . Although the photochemical and photophysical properties of HA have been reported [23, 24] , photosensitization of semiconductor with HA is little reported. Absorption spectra and fluorescence quenching afforded useful information concerning the process of electron injection from singlet excited state of HA to the conduction band of ZnS:Mn QDs. In this literature, electron transfer between HA and ZnS:Mn 2+ QDs has been studied through absorption spectra and fluorescence quenching.
Absorption spectra of HA (A), ZnS:Mn 2+ QDs (B), and HA-ZnS:Mn 2+ QDs system (C) are showed in Figure 8 . HA shows four peaks at around 280 nm, 485 nm, 540 nm, and 586 nm in Figure 8(b) ; note that the observation is in good similarity with that reported literature [25] . The ZnS:Mn
2+
QDs have two peaks: the lowest peak is present around 325 nm and the second lowest peak is present around 285 nm (Figure 8(B) ). As shown in Figure 8 (C), the increases in the extinction coefficient and the red shift of the absorption maxima in the absorption spectra of HA in the presence of ZnS:Mn 2+ QDs demonstrate the occurrence of surface interactions between the sensitizer and the particle surface. The irreversible nature of the decrease of absorbance of the HA on the ZnS:Mn 2+ QDs is consistent with dye degradation [26] . The present study employed HA as sensitizer to investigate the adsorption details on the surface of the ZnS:Mn
QDs and the mechanism of the interfacial electron-transfer process from singlet state of HA to conduction band of ZnS:Mn 2+ QDs in aqueous solution. In an aqueous solution, the colloidal ZnS:Mn 2+ QDs can be assumed to have predominantly Zn-OH groups at the surface of ZnS:Mn 2+ QDs, through which polar species in solution can strongly interact with the particles; HA can associate with ZnS:Mn 2+ QDs through its polar groups such as OH and/or C=O, and this association will lead to a change of the p-electron distribution in HA molecule. As a result, as shown in Figure 9 , an increase in the molar absorbency and extended absorption of HA into the visible region were observed as the concentration of ZnS:Mn 2+ QDs was increased. This made HA bound to ZnS:Mn 2+ QDs as a good candidate for the purpose of photosensitization.
Fluorescence Quenching by ZnS:Mn
2+ QDs. The fluorescence emission of HA was quenched upon successive addition of ZnS:Mn 2+ QDs to a solution of 1.8315 × 10 −4 M HA (Figure 10 ). This quenching behavior was similar to that of other organic dyes used for the sensitization of large-band gap semiconductors [25] , which were caused by the electron injection from the singlet excited state of sensitizers to the conduction band of colloidal ZnS:Mn 2+ QDs. This suggested that there was a complex association between HA and ZnS:Mn 2+ QDs, which was necessary for observing the heterogeneous electron-transfer process at the interface of sensitizer-semiconductor.
Conclusions
Following growth doping technique, highly luminescent Mn-doped ZnS nanocrystals were synthesized and revealed 
